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Abstract. Spin–lattice relaxation timesT1 and nuclear Overhauser enhancement factors of chem-
ically non-equivalent carbons in di-pentyl phthalate (DPP), a simple glass-forming liquid, are
measured as functions of temperature. The analysis shows that the correlation function describing
the overall molecular dynamics in DPP can be well described in terms of an asymmetric distribution
of correlation times predicted by the Davidson–Cole model. The distribution parametersβ of the
successive chain carbons are derived and analysed in terms of internal motions occurring in DPP.

1. Introduction

The problem of side-chain dynamics has been the focus of considerable attention [1–3], and
measurements of13C spin–lattice relaxation times and nuclear Overhauser enhancement (NOE)
factors have proved to provide the basis of a versatile method for studying this problem for
a variety of molecular systems, such as supercooled liquids, glasses, biomolecules, micelles,
and polymers [4–7]. The understanding of global and local dynamical properties of these
complex systems is of great relevance to basic aspects of theory and to many branches of
materials sciences. In the present paper we use13C NMR techniques to study di-pentyl
phthalate. The selection of the compound for the study was motivated by the fact that its
simple molecular structure may allow us to understand how the transition from a fluid to a
solid glass, which occurs gradually as a liquid is supercooled, affects different reorientational
degrees of freedom. While many NMR studies performed on supercooled liquids examine the
coupling between translational and rotational motion [8], such studies on internal reorientations
in flexible molecules are limited. We have studied the spin–lattice relaxation timesT1 and the
NOE factors for DPP covering a temperature range between 227 and 356.8 K. When analysing
the results obtained, we used the general expressions for the13CT1 and NOE, which hold for the
intramolecular dipolar relaxation mechanism on condition of complete proton decoupling [9]:

1

nT1
= C[J0(ωH − ωC) + 3J1(ωC) + 6J2(ωH + ωC)] (1)

NOE= 1 +
γH

γC

6J2(ωH + ωC)− J0(ωH + ωC)

J0(ωH − ωC) + 3J1(ωC) + 6J2(ωH + ωC)
(2)

where the relaxation constantC = 0.1(γHγCh̄/r
3)2, n is the number of hydrogen nuclei

involved in relaxation of a given carbon,r is the carbon–hydrogen internuclear distance,γH

andγC are the gyromagnetic ratios for hydrogen and carbon, andωH, ωC are their Larmor
frequencies.
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It is apparent thatT1 and the NOE factors are sensitive to the form of the spectral density
functionJ (ω). The simplestJ (ω), which involves a single correlation timeτ and describes
the isotropic reorientation of the C–H interaction vector, is expressed by [10]

J (ω) = τ

1 +ω2τ 2
. (3)

The reorientational correlation timeτ is associated with the diffusion coefficientD of the
motion by the relationship [11]

τ = 1

6D
. (4)

Although this simple model is successful in explaining the dynamics in non-viscous liquids, it
usually does not account for experimental observations for more complex systems, where the
dynamics cannot be described by an exponential correlation function or in terms of a single
correlation time [12, 13]. Therefore, when analysing the experimental results, we have also
considered the spectral density functions assuming a distribution of reorientational correlation
times of the form

J (ω) =
∫
τg(τ) dτ

1 + (ωτ)2
(5)

whereg(τ) is the distribution function. Theg(τ) functions relevant for NMR experiments
and their properties are discussed by Beckmann [14]. We shall not repeat his arguments, and
herein give just the expression for the Davidson–Cole asymmetrical distribution [15] that has
been found to fit our experimental results. For the D–C model,g(τ) takes the form

g(τ) =


sin(πβ)

π

(
τ

τ0 − τ
)β

for 06 τ 6 τ0

0 for τ > τ0

(6)

whereτ0 is the characteristic limiting correlation time andβ is the width of the distribution,
which may assume values within the range from 0 to 1. The average correlation time is defined
asτ = βτ0.

By substituting (6) into (5), one gets

J (ω) = sin[β arctan(ωτ0)]

ω[1 + (ωτ0)
2]β/2

. (7)

It is seen that forβ = 1 the dynamics is described by a single correlation time and equation (7)
reduces to (3); on the other hand, the distribution becomes infinitely broad asβ approaches
0. The width of the distribution may be related to the orientational and/or positional disorder
existing in non-crystalline materials.

Adamyet al [5] have pointed out that in the case of molecules having chain substituents
undergoing complex internal reorientations theβ-parameter can serve as an indicator of
molecular flexibility. The smaller the value ofβ, the larger the number of motions involved in
the relaxation of the given interaction vector. Hence, the parameterβ is expected to decrease as
we go down the chain, because carbons further down are experiencing several reorientations,
each with their ownτ .

Quantitative interpretation of the NMR relaxation of nuclei placed in a flexible hydro-
carbon chain attached to a rotating molecule is a difficult task. The problem has been considered
by Wallach [1], who described such a motion in terms of an effective correlation timeτeff .
This time depends on the rate of the overall as well as the internal molecular motions, and on
the Wigner rotation matrix elements related to the molecular structure.
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In the temperature interval where the extreme-narrowing condition is valid:

(ωH + ωC)τ � 1

the effective correlation timeτeff for the vector connecting the directly bonded C and H atoms
may be calculated from the expression [16]

τeff = r6
CH

CnT1
(8)

whereC is a constant equal to 3.56× 1010 Å s−1.

2. Experiment

Di-pentyl phthalate, C18H26O4, whose molecular structure is shown in figure 1, is a simple
glass-forming liquid. The sample studied was custom synthesized. Its purity was checked
using1H and13C high-resolution NMR spectra. The sample investigated was degassed by the
freeze–pump–thaw technique and sealed under vacuum in a Pyrex tube which, then, was placed
in a Wilmard 10 mm o.d. tube. A deuterium source for the internal lock system was placed in
the space between tubes: D2O in the case of measurements above 273 K and (CD3)2CO below
this temperature. The relaxation timesT1 of 13C were measured at a frequency of 20.3 MHz
on a Tesla BS587 spectrometer equipped with an IBM computer using the inversion–recovery
technique. The values ofT1 were evaluated from the magnetization recovery curves using a
non-linear three-parameter fitting of line intensities [17]. To minimize the errors due to the
frequency offset and the pulse length, we used a composite pulse sequence of the type

td–90◦(X)–240◦(Y )–90◦(X)–τ–90◦–ta (9)

wheretd is the preparation time,ta is the acquisition time, andτ is the delay time.

Figure 1. A diagram of the DPP molecule.

The nuclear Overhauser enhancement factors were measured using the gated decoupling
technique and a waiting time of at least 10T1 between the transients.

The temperature of the sample was controlled by a gas-flow cryostat and monitored with
an accuracy of 1 K. To allow the sample to reach thermal equilibrium, it was kept at a given
temperature for 30 min before the data collection.

3. Results and discussion

The natural-abundance13C NMR spectrum of liquid DPP registered at room temperature is
shown in figure 2. The chemical shift assignments are given in table 1. The resolution obtained



3910 W Suchanski et al

Figure 2. The13C NMR spectrum of liquid DPP registered at room temperature.

Table 1. 13C chemical shift assignment in DPP.

Carbon No Chemical shift (ppm) relative to TMS

7, 8 157.2
1, 2 132.8
3, 6 130.7
4, 5 128.9
9, 14 65.4

10, 15 28.4
11, 16 28.2
12, 17 22.3
13, 18 13.6

makes it possible to measureT1 precisely for all individual carbons in DPP, except for 10, 15
and 11, 16 carbons, whose resonance lines are separated by only 3.4 Hz at room temperature
and overlap at lower temperatures. In this paper we use the spectral lines due to 3, 6 and
4, 5 benzene ring carbons to probe the overall molecular dynamics and lines due to 9, 14;
10, 15; 11, 16; 12, 17; 13, 18 chain carbons to probe directly the internal dynamics of the
chain substituents. We have left out 1, 2 and 7, 8 carbons which are not directly bonded to
hydrogen atoms and therefore feature a very long relaxation time. The measured values ofnT1

are plotted versus 1000/T in figure 3.
It is seen that the relaxation behaviour of the ring carbons is similar and shows a distinct

minimum of about 45 ms at 256.5 K. In the case of the chain carbons the minima are much
less pronounced, and for some of carbons they do not show at all.

Figure 4 depicts the behaviour of the NOE factors plotted versus 1000/T . In the highest-
temperature region the NOE is constant at about 3, for all carbons studied. This value reduces
as the temperature of the sample is lowered to about 1.35 for the ring carbons. For the chain
carbons the degree of reduction is lower and it depends on the position of the carbon in the
alkyl chain.

We attempted to explain the experimental results using the single-correlation-time model
and assuming a functional form of this time given by the Arrhenius equation:

τ = τ0 exp(E/RT ). (10)

The analysis consisted in substituting equation (10) into equation (3) and the use of the resulting
spectral density function in equations (1) and (2). It is not surprising that this simple model
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Figure 3. nT1 for chemically non-equivalent carbons in DPP versus inverse temperature; carbons
4, 5: open circles; carbons 3, 6: full circles; carbons 9, 14: open triangles; carbons 10, 15: full
squares; carbons 11, 16: rhombi; carbons 12, 17: squares; carbons 13, 18: full triangles; dotted
line: BPP model and an Arrhenius dependence of the correlation time; solid line: D–C model and
τ following the Vogel–Fulcher formula.

Figure 4. NOE factors of chemically non-equivalent carbons in DPP versus inverse temperature:
carbons 4, 5: open circles; carbons 3, 6: full circles; carbons 9, 14: open triangles; carbons
11, 16: rhombi; carbons 12, 17: squares; carbons 13, 18: full triangles; dotted line: BPP model
and an Arrhenius dependence of the correlation time; solid line: D–C model andτ following the
Vogel–Fulcher formula.

failed to describe the relaxation behaviour of either the ring or the chain carbons in this complex
molecule, featuring asymmetric shape and a high degree of internal mobility.

Then we attempted to analyse the data assuming a single-exponential correlation function
and the temperature dependence ofτ following the Vogel–Fulcher behaviour [8]:

τ = a expB/(T − T0) (11)
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where the Vogel temperatureT0 corresponds to the limit at whichτ becomes infinite. Such a
dependence is able to describe the dramatic increase of the timescale for the molecular motion,
which is observed as the temperature of a supercooled liquid is lowered. WhenT0 = 0 the
Arrhenius equation results, andB = E/k.

The results calculated for the ring carbons 3 and 6 are shown by the dotted curves in
figures 3 and 4. It is seen that the agreement between the theory and the experiment is not
quite satisfactory, especially in the low-temperature region. For the chain carbons the fit based
on the single-correlation-time model does not account for the experiment at all; therefore we
do not show the respective calculated results in the figures.

Figure 5. The distribution parameterβ of the specific carbon atoms in DPP.

We have found that the experimentalT1-results can be successfully explained in terms of
the asymmetric Davidson–Cole distribution function. The best fit of equations (1), (7), (11)
to the experimentalT1-values is shown by solid lines in figure 3. As a check of the validity
of the model adopted, we have used the optimized parameters of thenT1-fit to reproduce
the experimental NOE values. The temperature dependence of the calculated NOE factors is
shown using solid lines in figure 4. It is seen that the Davidson–Cole distribution represents
the NOE factors as well as it does the13CnT1-data. The values ofβ for the specific chemically
non-equivalent carbons are shown in figure 5. Theβ-values of the ring carbons are within
experimental error the same, which implies that the overall motion in DPP may be considered as
isotropic. The distribution parameterβ decreases as the position of the carbon atom approaches

Figure 6. The dependence of the overall corre-
lation time in DPP versus inverse temperature;
the solid line is the fit of equation (11) to exper-
imental data.
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the end of the chain. If, as suggested by Adamyet al[5], β is indicative of the mobility gradient,
then it is seen that the mobility of the chains in DPP increases as one moves towards their ends.
Theβ-parameter of the ring carbons was used to derive from the measured relaxation curves
the temperature dependence of the correlation time characterizing overall molecular motion
shown in figure 6. It is apparent that in the temperature interval studied this dependence does
not follow the Arrhenius behaviour. Instead we were able to it to equation (11). The solid
line in figure 6 representing the best fit yields the following parameters:a = 2.185× 10−12 s,
B = 784.75 K, andT0 = 169.33 K.

Figure 7. Effective correlation times of
individual carbon atoms in DPP versus inverse
temperature; carbons 4; 5: open circles, carbons
9, 14: open triangles; carbons 10, 15: full
squares; carbons 11, 16: rhombi; carbons 12, 17:
squares; carbons 13, 18: full triangles.

Figure 8. The dependence ofnT1 for chain carbons in
DPP at 324 K.

Since the experimental data presented in this paper cover both motionally narrowed as
well as slow-motion regions, we tested the statement concerning the chain dynamics using
τeff derived from the high-temperature relaxation data. The values of theτeff obtained using
experimental data and equation (8) plotted in figure 7 show that the effective correlation time
is the shortest for the motion of the methyl group and increases as one moves along the chain
towards the ring. The overall correlation time andτeff characterizing reorientations around
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consecutive C–C bonds show similar temperature dependences. Such a behaviour points to the
existence of multiple internal reorientations occurring at a rate faster than the overall molecular
rotation [1]. To evaluate the relative mobility of the consecutive chain carbons, we plotted in
figure 8 the dependence ofnT1 versus carbon number. According to the model for multiple
internal reorientations [2], the linear dependence observed is consistent with equal rotational
diffusion constants for all internal bonds considered.

4. Summary

The study shows that the dynamics in DPP can be successfully explained in terms of the
Davidson–Cole model involving an asymmetrical distribution of correlation times. The
functional form of this time shows the Vogel–Fulcher behaviour. The distribution parameters
β of the successive chemically non-equivalent carbons reflect the mobility gradient existing
along the alkyl chains in DPP. This conclusion is supported by the analysis ofτeff derived
from the high-temperature relaxation data.
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